Abstract. Using data from WIND, SAMPEX (Solar, Anomalous, and Magnetospheric Particle Explorer), and the Los Alamos National Laboratory (LANL) sensors onboard geostationary satellites, we investigate the correlation of energetic electrons in the 20-200 keV range in the solar wind and of high speed solar wind streams with relativistic electrons in the magnetosphere to determine whether energetic electrons in the solar wind are the source of the outer relativistic electron radiation belt. Though there is some correlation between energetic electron enhancements in the solar wind and enhancements in the outer radiation belt, the phase space density of 20-200 keV electrons in the solar wind is not adequate to supply the outer radiation belt electrons. Although lower energy electrons in the solar wind could be a seed population of the outer radiation belt, such lower energy electrons cannot achieve relativistic energies through the normal process of radial transport which conserves the first adiabatic invariant. Thus additional internal acceleration processes are required within the magnetosphere to produce the outer radiation belt. High speed solar wind streams are well correlated with increased magnetic activity and with increased fluxes in the outer radiation belt. The maximum correlation between the high speed streams and the radiation belt flux occurs with an increasing time delay for higher energies and and lower L values. We conclude that acceleration processes within the magnetosphere which are well correlated with high speed solar wind streams are responsible for the outer radiation belt electrons.
Introduction
The outer radiation belt consists of electrons with hundreds of keV to MeV energies. While there is no clear boundary between radiation belt electrons and lower energy plasmasheet and ring current electrons, above 0.4 MeV electrons usually do not show rapid variability on the time scale of substorm injections [e.g., Baker et al. 1986 ]. Nevertheless, compared to the inner radiation belt, the outer zone shows a great deal of variability on a time scale correlated with magnetospheric storms and high speed solar wind streams [Paulikas and Blake, 1979] . Figure 1 is an example of radiation belt electrons measured by SAMPEX. The data, sorted according to L-value (in bins of 0.1 L), are plotted versus day of year. Numerous examples of abrupt electron enhancements extend across all L-values from L2 to 7.
The origin of the outer radiation belt electrons remains an unsolved problem. To understand the nature of the problem it is necessary to understand some basic properties of the outer radiation belt and the basic processes that are thought to be important in its dynamics. Three gradients typically characterize the outer radiation belt electrons. (1) At any given energy the phase space density, f p , of electrons increases with decreasing L down to about L=4 close to the so-called slot region (L=2.5-3.5). (2) At any given µ (the first adiabatic invariant µ = p 2 ? =2m 0 B), however, f p decreases with decreasing L. (3) At any given L f p decreases with energy. None of these properties are absolutely true at all times but they are characteristic features [e.g., Roederer, 1970] .
Two processes that are important in the dynamics of the radiation belt are radial transport in the form of radial diffusion or impulsive injections and pitch angle scattering. Radial diffusion or impulsive injection conserves µ and thus inward transport increases the energy of the transported electrons. Pitch angle scattering approximately conserves the electron's energy while leading to electron loss by scattering into the loss cone and consequent precipitation into the atmosphere.
While radial transport can usually explain the increase in the electron flux at almost any L and energy, it can not explain the origin of the outer radiation belt as a whole. Radial transport requires an outer boundary that is the ultimate source of the electrons but which is itself not explained by radial transport. Two obvious sources for the electron flux at such an outer boundary are electrons in the solar wind or electrons accelerated in the outer part of the magnetosphere. The purpose of this letter is to determine if energetic electrons in the solar wind are an adequate source of such electrons through the normal and understood process of radial transport, a process which conserves at least the first adiabatic invariant, or whether some other acceleration process, such as wave-particle interactions resulting in the heating of part of the electron distribution, is required within or at the boundaries of the magnetosphere. Since radial diffusion proceeds by moving electrons from regions of higher phase space density to lower phase space density and since losses occur during the process of radial diffusion due, for instance, to pitch angle scattering, for electrons in the solar wind to be the source of the outer radiation belt their phase space density should be substantially higher than that of the corresponding electrons in the radiation belt. In addition, we would then expect that there should be a correlation between changes in the solar wind flux and in the radiation belt.
It has been suggested that relativistic electrons in the solar wind, either from the Sun or from Jupiter, may be a source of the relativistic electrons in the magnetosphere [e.g., Baker et al., 1979; Baker et al., 1986; Bezrodnykh et al., 1986] . However, Christon et al. [1989] showed that the outer radiation belt does not have the 13 month periodicity of the MeV Jovian electrons in the solar wind. It is more appropriate to compare electrons with tens to hundreds of keV in the solar wind with radiation belt electrons since such electrons would have about MeV energies after radially moving inward while conserving µ and their phase space density is larger. It has also been suggested that internal magnetospheric processes, which correlate with high speed solar wind streams, may be responsible for enhancements in the relativistic electrons [Paulikas and Blake, 1979; Baker et al., 1986; Chenette et al., 1988; Baker et al., 1994; Baker et al., 1996] .
Data
We use data from WIND, SAMPEX, and the LANL sensors on geosynchronous satellites during the first half of 1995. The WIND electron fluxes in the energy range of 27-182 keV, the solar wind velocity, and solar wind density are provided by the 3D plasma and energetic particles experiment [Lin et al., 1995] ; the magnetic field is from the magnetometer [Lepping et al., 1995] . SAMPEX was launched on 3 July 1992 into a nearly polar orbit with an altitude of about 600 km, an inclination of 82 , and an orbital period of about 95 minutes [Baker et al., 1993] . The data here are daily averages binned at various invariant latitudes from the PET instrument [Cook et al., 1993] , covering the energy range 0.4 MeV electrons, and 2-6 MeV electrons (ELO), and daily averaged electron data from the geosynchronous LANL sensors in the energy range of 0.7-1.8 MeV and 1.8-3.5 MeV [Meier et al., 1996] . The first half of 1995 was in the declining phase of the solar cycle approaching sunspot minimum, a time when recurrent high speed solar wind streams emanating from persistent coronal holes were prominent. WIND and SAMPEX had continuous measurements of the solar wind and of relativistic electrons in the magnetosphere, respectively. The LANL data also had continuous coverage of relativistic electrons during this period.
Observation and Discussion
Figure 2 shows various solar wind and magnetospheric quantities for the first half of 1995. Panel (b) shows the recurrent high speed streams during the first half of 1995. These high speed streams are preceded by magnetic field enhancements and solar wind density (panels (c) and (d)). The high speed streams together with their accompanying density and magnetic field enhancements increase magnetospheric activity as indicated by decreases in Dst (panel(j)) and increases in Kp (panel(k) ). Some of the energetic solar wind electron fluctuations (panel (a)) are correlated with the solar wind speed such as on days 28, 55, 97, and 148 (the numerous short time-scale spikes are believed to be electrons accelerated by the Earth's bow shock [Lin et al., 1996] ). However, at other times there are no or only weakly correlated enhancements such as on days 68 and 112.
Energetic interplanetary electrons ( 0.4 MeV) should appear directly in the polar cap and be seen by SAMPEX (panel (e)). Because of the relatively low level of energetic electron flux and high background due to cosmic ray protons which dominate in the high latitude region, only the day 112 solar particle event is clearly seen by SAMPEX in the 0.4 MeV electron channel in the polar cap. More energetic electrons, including Jovian electrons, are seen in the 2-6 MeV channel. The relatively low level of such electrons in the solar wind as reflected in the polar cap fluxes can be compared directly with the much higher radiation belt levels (panels (f) through (i)). Note that the 2-6 MeV flux is multiplied by 5 in panel (e). Panel (f) shows the flux at the foot of field line at L=10, which is near the limit of stably trapped electrons. Panels (g) and (h) show electrons near the geosynchronous magnetic field line at L=6.6, (g) from SAMPEX and (h) from LANL detectors at geosynchronous orbit. The L values at SAMPEX are determined by mapping the field line using the International Geomagnetic Reference Field (IGRF) model 1990 extrapolated to the time of observation. The flux at SAMPEX is about 2-3 orders of magnitude lower than the corresponding LANL fluxes because SAMPEX measures only electrons near the loss cone. However, the temporal variations at SAMPEX and geosynchronous are well correlated despite this and despite the differences in the energy ranges of the respective detectors. Panel (i) shows 0.4 MeV electron flux at the foot of the field line near the usual peak of the outer zone flux at L=4.
At fluxes 10 4 /cm 2 -s-sr-MeV, this channel is subject to saturation but the temporal structure of the fluxes can still be discerned.
We first compare the phase space density of electrons measured in the solar wind and in the magnetosphere. The known parameter for electrons is the differential flux. The phase space density, f p , and differential flux, j, are related by Table 1 . An electron with a perpendicular energy of 0.7 MeV at geosynchronous orbit in a magnetic field of 120 nT corresponds to electrons with perpendicular energies covered by 27.2 keV, 66.3 keV, and 182 keV energy channels in magnetic fields of 3-20 nT, which are in the range of the solar wind magnetic fields shown in panel (c) of Fig. 2 . The average magnitude of the solar wind magnetic field for this period is 5.25 nT, so on average an electron with a perpendicular energy of 0.7 MeV in a magnetic field of 120 nT corresponds to a solar wind electron of 49.2 keV. Comparing the numbers, the electrons measured in the solar wind are not adequate to explain the electrons measured at geostationary orbit even without taking into account any losses that may occur during radial transport.
There are other significant correlations between quantities in the solar wind and electrons in the magnetosphere. Panel (f) and (g) of Fig. 2 show similar temporal variations in the electron flux. The electron flux enhancements are correlated with the the solar wind speed (panel (b)) with some delay. Electron enhancements appear to occur earlier at larger L-shells and lower energies following enhancements in the solar wind speed. To demonstrate these effects, the linear correlation coefficient for different time delays between the daily averaged solar wind speed and the SAMPEX electron flux at L=10 and L=6.6 is shown in panel (a) and (b) of Fig. 3 . Panel (a) shows that the 0.4 MeV electrons at L=10 correlate best with the solar wind speed on the same day while 2-6 MeV electrons correlate best with the solar wind speed after a two or three day delay. Panel (b) shows that the 0.4 MeV electrons at L=6.6 correlate best with the solar wind speed after a three day delay while 2-6 MeV electrons correlate best with the solar wind speed after a four day delay.
The linear correlation coefficient for different time delays between the daily averaged solar electrons and electrons in the magnetosphere measured by SAMPEX at L=10 and L=6.6 are plotted in panel (c) and (d) of Fig. 3 . In general the correlations between solar wind electrons and magnetospheric electrons are difficult to interpret and may be dominated by a few larger events. Further study is required to see if there is any correlation that is not explained by the correlation between the high speed streams and magnetospheric electrons and the correlation between the high speed streams and solar wind electrons. In any case, the phase space density of the 182 keV electrons is too small to be a source of the 2-6 MeV electrons at L=6.6. We obtain a differential flux 6043 (electron/cm 2 -s-sr-MeV) at 2 MeV using a power law with power index of three to fit the electrons in panel (h) of Fig. 2 , the required differential flux of 182 keV electron according to equation (1) should be at least 1/28 of 6043 or 216 (electron/cm 2 -s-sr-MeV). In fact, the average differential flux of 182 keV is only 21 (electron/cm 2 -s-sr-MeV), less than 10% of the required value.
Conclusions
Although the fluctuations in the 20 keV electrons in the solar wind at first suggested a possible direct link between these electrons and the outer radiation belt, the insufficient phase space density is an unambiguous argument, which leads us to conclude that 20 keV electrons in the solar wind are not an adequate source of the outer radiation belt through the normal and understood process of radial transport. The more numerous lower energy electrons in the solar wind require additional acceleration in order to be the source of the radiation belt. Thus we conclude that acceleration processes within the magnetosphere, which are well correlated, at least during the time period of our study, with high speed solar wind streams, are responsible for the outer radiation belt electrons. In addition we find that that the correlation of the outer radiation belt electrons with solar wind speed occurs with a delay that increases with the energy and smaller radial distance of the outer radiation belt electrons. It is important to further correlate energetic electron enhancements in the magnetosphere with various combination of solar wind parameters to determine the solar wind conditions most responsible for the enhancement of outer radiation belt electrons. A more quantitative study of such is being undertaken. MeV protons; for invariant latitude 80 it is dominated by cosmic ray protons, while for L=4, 6.6, and 10 it is dominated by trapped electrons. (h) daily averages of the differential flux (electron/cm 2 -s-sr-MeV) of electrons measured by the LANL sensor onboard geosynchronous satellite (1989-046) with the energies: 0.7-1.8 MeV (black) and 1.8-3.5 MeV (purple). The last two panels ((j) and (k)) display D st and the K P indices. 
